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PhotoluminescenceAbstract Ce-doped ZnO nanopowder and ZnO:Ce/silica nanocomposite were synthesized by sol–
gel process under supercritical drying (temperature and pressure) of ethanol. Annealing at 1200 C
under atmospheric pressure has been achieved for the prepared ZnO:Ce/silica nanocomposite. X-
ray diffraction (XRD) showed good crystallinity and a ZnO hexagonal wurtzite structure of the
as-prepared powder. The average crystallite size is of the order of 78 nm. Crystallites agglomerate
to form spheres, hexagons and/or hexagons inserted in tori. The introduction of ZnO:Ce in silica
leads to the formation of zinc silicate even before annealing. The heat treatment reduces the inten-
sity of the diffraction peaks and enhanced the formation of this new phase. Photoluminescence (PL)
spectra showed that the introduction of ZnO:Ce in silica before annealing reduces the UV lines and
red shifts the entire emission. After annealing the PL intensity of the nanocomposite is signiﬁcantly
reduced.
ª 2013 Production and hosting by Elsevier B.V. on behalf of University of Bahrain.1. Introduction
Recently, zinc oxide (ZnO) has attracted much interest because
of its large exciton binding energy of 60 meV and a wide band-
gap of 3.3 eV. This characteristic makes ZnO attractive for
optoelectronic, nonlinear optics and electro-optics (Sahal
et al., 2008), catalysts (Saad and Mary, 2008), active com-
pounds in sunscreens applications (Smijs and Pavel, 2011).
The ZnO structure contains large voids, which can easilyaccommodate interstitial atoms. It exhibits n-type semicon-
ducting properties with inherent defects. The study of the pho-
toluminescence (PL) characteristics of ZnO is interesting
because it can provide valuable information on the quality
and purity of the materials.
It is well known that chemical doping, as well as intrinsic lat-
tice defects, greatly inﬂuences optical, electronic and magnetic
properties of ZnO (Fujihara et al., 2004). Therefore, the doping
of ZnO with selective elements offers an effective route to en-
hance and control its optical, electrical andmagnetic properties,
which is crucial for its practical application (Fang et al., 2011;
Karaagac et al., 2012; Panigrahy and Bahadur, 2012). Doping
with rare-earth (RE) offers a possible route for applications in
high power lasers, visible emitting phosphors in displays and
other optoelectronic devices. Cerium is a major element which
has excellent luminescent properties and chemical sensor appli-
cation (Dar et al., 2012; Anbia et al., 2012) when doped intoma-
trix materials. As a dopant, Ce has received great attention due
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availability of the shielded 4f levels (Li et al., 2008; Youseﬁ
et al., 2011) and the redox couple Ce3+/Ce4+.
Zinc silicate is a low cost material to adsorb toxic metal
ions from water. Jin Qu et al. reported the ﬂower-like and
urchin-like morphology of zinc silicate nanomaterials pro-
duced by the hydrothermal method (Qu et al., 2012). Zn2SiO4
has been widely used as an important host material in cathode
ray tubes (ElGhoul et al., 2010), electroluminescence devices,
and light-emitting diodes (Wu et al., 2010). El Mir et al. fabri-
cated zinc silicate and zinc oxide particles embedded in silica
host matrix by the sol–gel method and they studied the emis-
sion properties of zinc silicate (El Mir et al., 2007). Li et al.
synthesized ZnO/Zn2SiO4/SiO2 composite pigments and stud-
ied the effects of a-Zn2SiO4 interface and its changes (Li
et al., 2010).
In this paper we have reported the formation of zinc silicate
phase and studied the photoluminescence behavior with
annealing treatment.
2. Sample preparation
The monolithic silica matrix used in this work was obtained by
mixing, under a constant magnetic stirring at room tempera-
ture, a tetraethoxysilane (TEOS), ethanol and distilled water.
After 10 min of continuous agitation, a certain amount of
hydroﬂuoric acid (HF) was added to the mixture. The wet
gel obtained was ﬁnally dried in an autoclave.
ZnO:Ce aerogel powder was obtained by mixing, in ade-
quate volume proportions, zinc acetate dehydrate
(Zn(C2H3O2)2, 2H2O), under continuous magnetic stirring
with ethanol and then a certain amount of cerium nitrate
(Ce(NO3)3, 6H2O) was added to the solution. The atomic ratio
[Ce]/[Zn] is 2%. The ﬁnal solution has undergone a drying in
an autoclave under supercritical conditions of ethanol to ob-
tain nano-sized powder of ZnO:Ce 2%.
The preparation of ZnO:Ce/SiO2 nanocomposites was per-
formed by dissolving TEOS in EtOH. Then the prepared
ZnO:Ce powder was added to the mexture of TEOS and EtOH
under constant stirring. The whole solution was stirred for
about 30 min, resulting in the formation of a uniform sol.
The sols were transferred to tubes in ultrasonic bath where a
ﬂuoride acid was added. The wet gel formed in a few seconds.
Monolithic and white aerogel was obtained by supercritical
drying. The drying is conducted at a temperature of 240 CFigure 1 SEM images of ZnO:Ce aerogel (a) and ZnOfor 2 h and then were annealed for 2 h at a temperature of
1200 C.
2.1. Sample characterization
The prepared ZnO:Ce powders and ZnO:Ce/SiO2 nanocom-
posites were characterized by X-ray diffraction (XRD) using
a PanAnalytical diffractometer. X-rays are produced from a
Cu Ka radiation source (wavelength k= 1.5418 A˚) with an
acceleration voltage of 40 kV and a current of 30 mA.
Transmission electron microscopy images (TEM) were per-
formed using a JEOLJEM-1230 TEM microscope with a very
high acceleration voltage of the electron beam (110 kV). Scan-
ning electron microscopy (SEM) images were performed with a
JEOL JSM-840A. The photoluminescence spectrum was re-
corded at ambient temperature using a Perkin-Elmer LS55
spectrometer under excitation at 325 nm.
3. Results and discussions
Fig. 1a shows a SEM image of the Ce-doped ZnO aerogel. We
note the coexistence of three morphologies: hexagons, spheres
and hexagons inserted in tori. Spheres and tori average diam-
eter is of the order of 5 lm. For hexagons, height and diameter
are respectively 5 lm and 2.5 lm. We can suppose that the pri-
mary grain size of 78 nm agglomerates to form hexagons,
spheres or tori inserted in the hexagons.
Fig. 1b shows a SEM image of (ZnO:Ce)/SiO2 nanocom-
posite annealed at 1200 C for 2 h in air. The above forms of
ZnO:Ce aerogel are not existent and there is the appearance
of new aggregates cylindrical in shape with a polygonal base.
The annealing causes the interaction of ZnO and silica to form
willemite (zinc silicate) which crystallized in a rhombohedra
structure.
The TEM analysis of as prepared cerium-doped ZnO pow-
der shows that the particles are in the nanoscale range (Fig. 2).
The average crystallite size is 78 nm. This result conﬁrms the
XRD measurement below. We also note that some grains
are hexagonal and others are triangular.
Fig. 3 shows XRD diagrams of ZnO:Ce aerogel, ZnO:Ce/
SiO2 nanocomposites before and after annealing at 1200 C
for 2 h. For ZnO:Ce aerogel (Fig. 3a), all diffraction peaks
are characteristic of the hexagonal wurtzite ZnO with a slight
shift toward smaller angles which is probably due to cerium
(a= 0.3246 nm and c= 0.5212 nm) compared to those of:Ce/SiO2 nanocomposite annealed at 1200 C (b).
Figure 2 TEM image of ZnO:Ce aerogel.
12 A. Chelouche et al.pure ZnO (a= 0.3248 nm, c= 0.5201 nm) (Djouadi et al.,
2010). It is also remarkable that no peak of cerium oxide is de-
tected. The introduction of cerium in the ZnO lattice has not20 30 40 50 60 70 80
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Figure 3 XRD diagrams of ZnO:Ce aerogel (a), ZnO:Ce/SiO2 nanoco
(c).altered its crystalline structure. The average crystallite size of
the ZnO:Ce aerogel, estimated by the Scherrer formula, is of
the order of 78 nm.
The XRD diagram of ZnO:Ce/silica nanocomposite before
annealing is showed in Fig. 3b. The intensity of diffraction
peaks decreased sharply and some peaks disappeared com-
pletely. We also note the appearance of some relatively intense
peaks at positions of 39 and 53, which are probably due to
the formation of zinc silicate (El Mir et al., 2007). We observe
a slight shift to larger angles of ZnO characteristic peaks. This
is due to the contraction of the lattice parameters induced by
the small size of ZnO crystallites and the presence of structural
defects in the material. ZnO:Ce nanocrystallites are homoge-
neously distributed in silica since the formation of the crystal-
line phase Zn2SiO4 from reactions between ZnO crystal and
amorphous silica may occur at low temperatures when the
crystallites of ZnO are well distributed in silica (Yang et al.,
2002).
The XRD pattern of the ZnO:Ce aerogel introduced in a
silica matrix and annealed at 1200 C is shown in Fig. 3c.
The intensity of the diffraction peaks is again ampliﬁed with
increasing concentration of the crystallites. In addition to the20 30 40 50 60 70 80
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Figure 4 Photoluminescence spectra of ZnO:Ce (a), ZnO:Ce/
SiO2 (b) and Zn2SiO4:Ce (c).
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angles, those of different phases of zinc silicate (Zn2SiO4) are
observed (cards JCPDS 00-024-1466 and 01-079-2005). There
is a coexistence of ZnO:Ce and zinc silicate in the elaborated
composite. The Zn and Si elements at the surface of the silica
are susceptible to move and diffuse into the pores to form zinc
silicate (El Mir et al., 2007).
The photoluminescence spectra of ZnO:Ce aerogels and
ZnO:Ce/SiO2 nanocomposites before and after annealing are
shown in Fig. 4. The photoluminescence spectrum at room
temperature of ZnO:Ce aerogel (curve a) presents two lines
centered around 390 and 440 nm in addition to a shoulder at
520 nm. The line at 390 nm is due to ZnO band to band emis-
sion. The band centered around 440 nm is attributed to cerium
emission and the shoulder at 520 nm is the ZnO green
luminescence.
It is noticeable that the introduction of ZnO:Ce in silica
host decreased the UV emission at 390 nm and became a
shoulder. Also, a red shift is observed. This feature can be ex-
plained by the fact that the energy levels of Ce3+ are affected
by the surrounding medium. The symmetry of crystals affects
Ce3+ levels and the optical transitions are shifted from UV to
visible in the different crystals. The increase in the Stokes shift
gives rise to the broadening of emission bands. Thus, the emis-
sion bands become indistinguishable and appear as a single
band (Sankar, 2008; Luo et al., 2012).
The nanocomposite annealed at 1200 C (Fig. 4c) has a
very low emission compared to that of the same nanocompos-
ite before annealing (Fig. 4b), but the spectrum maintains its
shape. It is well known that the intensity of the light emitted
by cerium ions is proportional to their concentration. During
heating, the Ce3+ ions are transformed into Ce4+ ions (Xu
et al., 2007) and therefore a decrease of emitting centers con-
centration and consequently the intensity of the emitted light
decreases considerably in the considered wavelength range
where Ce4+ ions are inactive. After annealing at 1200 C, the
sample has red emission lines centered on 690 and 630 nm
whose origin is independent of the presence of the rare earth
ion but due to the emission of defects such as hole traps on
oxygen and/or emission of zinc silicate crystallites formed dur-
ing the heat treatment (El Mir et al., 2007).4. Conclusion
We prepared ZnO:Ce aerogels and ZnO:Ce/silica nanocom-
posite by the sol–gel method under supercritical drying. The
zinc silicate (Zn2SiO4) crystalline phase was obtained at room
temperature from the reaction between ZnO and amorphous
silica. ZnO:Ce primary crystallites agglomerate to form
spheres, hexagons and hexagons inserted into tori. Silica mod-
iﬁed the ZnO:Ce emission by reducing the UV band and red
shifting the entire PL spectrum. Annealing causes a large de-
crease of PL intensity due to the transformation of Ce3+ to
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